Purpose: To assess the influence of retinal macrophages and microglia on the formation of choroidal neovascularization (CNV). Therefore, we used a transgenic mouse (CD11b-HSVTK) in which the application of ganciclovir (GCV) results in a depletion of CD11b + cells. Methods: We first investigated if a local depletion of CD11b + macrophages and microglia in the retina is feasible. In a second step, the influence of CD11b + cell depletion on CNV formation was analysed. One eye of each CD11b-HSVTK mouse was injected with GCV, and the fellow eye received sodium chloride solution (NaCl). Cell counting was performed at day 3 and 7 (one injection) or at day 14 and 21 (two injections). Choroidal neovascularization (CNV) was induced by argon laser and analysed at day 14. Results: The most effective CD11b + cell depletion was achieved 7 days after a single injection and 14 days after two injections of GCV. After two injections of GCV, we found a significant reduction of CD11b + cells in central (52 AE 23.9 cells/mm 2 ) and peripheral retina (53 AE 20.6 cells/mm 2 ); compared to eyes received NaCl (216 AE 49.0 and 210 AE 50.5 cells/mm 2 , p < 0.001, respectively). Regarding CNV areas, no statistical significance was found between the groups. Conclusion: The CD11b-HSVTK mouse is a feasible model for a local depletion of CD11b + cells in the retina. Nevertheless, only a partial depletion of CD11b + cells could be achieved compared to baseline data without any intravitreal injections. Our results did not reveal a significant reduction in CNV areas. In the light of previous knowledge, the potential influence of systemic immune cells on CNV formation might be more relevant than expected.
Introduction
Choroidal neovascularization (CNV) is the fundamental characteristic of neovascular age-related macular degeneration (AMD), the leading cause of blindness in industrial countries (Smith et al. 2001; Pascolini et al. 2004 ). In the past, a variety of different animal models have been used to investigate pathomechanisms of AMD. The model of laser-induced retinopathy in mice is well established for CNV and is therefore widely applied (Smith et al. 1994 ). Using this model, the vascular endothelial growth factor (VEGF) has been identified as the major influencing factor in CNV formation (D'Amore 1994) . Following this discovery, the era of intravitreal anti-VEGF drugs arose and still is the first-line therapy (Rosenfeld et al. 2006; Martin et al. 2011; Browning et al. 2012; Heier et al. 2012) . Nevertheless, CNV reduction requires consecutive injections and results in a lifelong treatment for the vast majority of patients. Therefore, novel and fundamental approaches are necessary to investigate more specific therapeutic strategies.
Recent studies have focused on the influence of mononuclear phagocytes, such as macrophages and microglia cells, on CNV. While the impact of macrophages was well investigated and their depletion results in a significant and verifiable reduction of neovascular areas (Espinosa-Heidmann et al. 2003; Sakurai et al. 2003a Sakurai et al. , 2003b , the particular influence of microglia is insufficiently understood (M€ uther et al. 2010; Liu et al. 2013; Krause et al. 2014; Crespo-Garcia et al. 2015) .
The surface protein cluster of differentiation 11b (CD11b), also known as macrophage-1 antigen (Mac-1) or complement receptor-3 (CR3), is expressed in cells of myeloid origin, including macrophages and microglia (Solovjov et al. 2005; Pei et al. 2007; Wakselman et al. 2008) . A transgenic mouse model (here referred to as CD11b-HSVTK) allows studying the role of activated microglia in the central nervous system (Heppner et al. 2005) . The application of GCV leads to a depletion of CD11b + cells. Heppner and colleagues have previously shown that the microglial depletion using the CD11b-HSVTK mouse inhibits the development and maintenance of inflammatory lesions in the central nervous system (Heppner et al. 2005) . Furthermore, it was demonstrated that microglia inactivation using the CD11b-HSVTK model reduces the extend of intracerebral haemorrhage (Gao et al. 2008) , whereas the amyloid plaque formation did not depend on the presence of microglia (Grathwohl et al. 2009 ). Another study using CD11b-HSVTK mice demonstrated a replacement of depleted microglia in the mature brain by circulating monocytes (Varvel et al. 2012) .
Hence, the aim of this study was to analyse whether the CD11b-HSVTK model is feasible for a local depletion of CD11b + cells in the retina. On this basis, we used the animal model to investigate the influence of CD11b + cells on CNV formation after laser induction.
Materials and Methods

Animals
The transgenic B6,D2-Tg (CD11b-HSVTK)620Zbz mouse (here referred to as TK) was provided by Frank Heppner. The molecular mechanism works as follows: In CD11b-HSVTK mice, the thymidine kinase of herpes simplex virus (HSVTK) is driven by the CD11b promoter (Heppner et al. 2005) . CD11b promoter fragment of 1.7-kilobase was used driving the constant expression in macrophages of transgenic mice at similar levels of the endogenous CD11b gene (Dziennis et al. 1995) . HSVTK is a suicide gene that converts antiviral nucleotide analog prodrugs such as GCV to a monophosphorylated form. Afterwards, it is transformed into a toxic triphosphate by endogenous cellular kinases (Fyfe et al. 1978) . Expression of HSVTK renders preferentially proliferating cells sensitive to GCV, as the active metabolite competes with thymine for DNA synthesis.
All experiments were performed using heterozygous transgenic mice (TK +/À ), generated with breeding pairs of TK +/À females and wild-type (WT) males (C57BL/6J, purchased from Janvier-Elevage, Le Genest-Saint-Isle, France). The conventional generation of homozygous TK +/+ was not feasible as TK +/À males are sterile. Nontransgenic littermates (TK À/À ) served as controls. Genotyping of weaned pups was performed by PCR using the following primers, HSVTK forward 5 0 -GACTTCCGTGGCTTCTTGCTGC-3 0 and reverse 5 0 -GTGCTGGCATTAC AGGCGTGAG-3 0 . All animal experiments complied with the guidelines of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the local governmental authorities (Landesamt f€ ur Gesundheit und Soziales, LaGeSo, Berlin; approval ID G0010/ 15). For the experimental manipulations, adult mice (3-4 months) were anesthetized with ketamine 1% (Ketamine-Actavis Ò , Actavice Group PTC ehf., Hafnarfj€ ordur, Island) and xylazine 0.1% (Rompun Ò , Bayer Vital GmbH, Leverkusen, Germany) in a body weight adapted dosage of 0.1 ml/ 10 g and pupils were dilated using phenylephrine 5% (Neosynephrin-POS Ò , Ursapharm, Saarbr€ ucken, Germany).
Laser-induced choroidal neovascularization (CNV)
To generate CNV lesions, photocoagulation of the retina and choroid was performed using an established method Brockmann et al. 2015) . In brief, the cornea was protected with a methylcellulose gel (Methocel Ò 2%, OmniVision GmbH, Puchheim, Germany) and covered with a glass slip. An argon laser (Coherent Novus 2000, Carl Zeiss Meditec, Oberkochen, Germany) was used to set five spots (120 mW intensity and 100 ms duration) with an equal diameter of 50 lm around the optic nerve. The creation of a bubble indicated the rupture of Bruch's membrane. We paid particular attention to set equidistant spots around the optic disc to avoid confluence of the arising neovascular areas.
Intravitreal injection
Injections were performed as previously described . Briefly, anesthetized mice were put under a stereomicroscope with one eye in an upright position. Intravitreal injections were performed with a 33-gauge needle (beveled NaoFil, World Precision Instruments, Sarasota, FL, USA) connected to a fibre optic cable and a 10 ll glass syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland). Eyes were injected with 2 ll of 40 mg/ ml ganciclovir (GCV, Cymeven Ò , Roche, Switzerland), whereas control eyes received 2 ll of 0.9% isotonic sodium chloride solution (NaCl, Serumwerk Bernburg AG, Bernburg, Germany). Afterwards, eyes were covered with ointment to avoid dehydration.
Immunohistochemistry and quantification of CD11b
+ and Iba1 + cells
Eyes were enucleated and fixed in paraformaldehyde (PFA) 1% for 30 min. Flatmounts of the retina and choroid were prepared as previously described with minor modifications (M€ uther et al. 2010; Brockmann et al. 2015) . Briefly, cornea, lens, iris and vitreous were removed and the remaining posterior cup was incised by four radial cuts for flattening down. The neurosensory retina and the underlying choroid were carefully separated and placed in phosphate-buffered saline (PBS). Retinal and choroidal flatmounts were stained according to established protocols (Shi et al. 2006 (Kociok et al. 2009 ).
Immunohistochemically stained cells were counted manually under the microscope as mentioned previously . Cells were counted within an area of 0.15 mm 2 and mean values were calculated according to 1.0 mm 2 . In total, eight areas for each flatmount (two areas per leaflet: one central area, one peripheral area) were analysed.
Statistical analysis
All measurements were performed by blinded observers. Statistical analyses were performed using SPSS version 20.0 (IBM, Armonk, USA). Analyses of variance were conducted for each comparison. If the investigated parameter was normally distributed, the Student's t-test was used, while variables with unequal variances were compared using the Welch-test for independent samples. A p-value of less than 0.05 was considered as statistically significant. To investigate the time dependence of CD11b + cell depletion, one eye of each TK +/À mouse was injected using GCV and the fellow eye of the same animal served as control by receiving the vehicle. Cell counting in eyes that received a single intravitreal injection (day 0) was performed 3 and 7 days thereafter. Eyes, which received two injections (day 0 and 7), were analysed 14 and 21 days after the initial injection. As presented in Fig. 5 Based on our previous results, we performed the first intravitreal injection of GCV in TK +/À mice immediately after the CNV induction (day 0), and performed a second injection at day 7. The fellow eye served as control by receiving NaCl injections. Analyses of CNV areas as well as CD11b + cell counting were performed at day 14.
Results
After two injections of GCV, we found a significant reduction of CD11b in the GCV group and 23 AE 19.5 9 10 3 lm 2 in the NaCl group; the areas did not significantly differ (p = 0.725; Fig. 7 ).
Discussion
We demonstrate that the CD11b-HSVTK mouse is a feasible model for a local depletion of CD11b + cells in the retina. Nevertheless, only a partial depletion of CD11b + cells could be achieved compared to the baseline data without any intravitreal application. Our results did not reveal a significant reduction in CNV areas after partial local CD11b + cell depletion. The laser treatment to induce CNV in murine eyes leads to an artificial rupture of Bruch's membrane. Thereby local immune cells become activated, cytokines are released and circulating cells are attracted, which affect the process and extension of CNV formation (Zhou et al. 2005; Shi et al. 2011; Lambert et al. 2013 ). Sakurai et al. (2003a Sakurai et al. ( ), (2003b have shown that the depletion of circulating macrophages by systemic clodronate application can reduce the area of CNV. Here, clodronate was given by intravenous injections two days before or immediately after laser treatment. In contrast, local application by subconjunctival injections did reveal less inhibitory effects (Sakurai et al. 2003a (Sakurai et al. , 2003b . Sakurai summarized that macrophages play a causal rather than a coincidental role in CNV development.
In our present study, we induced a local and partial depletion of CD11b + cells by intravitreal injection of (GCV) immediately after laser treatment. Hereby, we influenced local macrophages and resident microglia cells, both expressing CD11b. Partially depleting these cells did not result in a significant reduction in the CNV area. Hence, the impact of systemic macrophage depletion might be more relevant for the CNV formation than the effect of resident macrophages and microglia. These findings are in concordance with M€ uther et al. (2010) who demonstrated, by the use of chimeric mice and irradiation procedures with and without head shielding prior to retinal laser, that CNVinduced retinal damage is associated with the recruitment of blood-derived macrophages rather than resident retinal immune cells.
Another important aspect to consider in this model is the influence of the laser procedure and intravitreal injection on the microglia and macrophage distribution. We observed a high increase of CD11b + cells in the vehicletreated group, compared to untreated retinae at baseline. Therefore, the comparison of the verum group (GCV) to vehicle-injected eyes is indispensable and should be taken into account for further approaches.
The CD11b-HSVTK mouse model was chosen to influence the expression of CD11b + microglia and macrophages similarly. CD11b is expressed by retinal microglia and macrophages as well as monocytes, granulocytes and natural killer cells. CD11b + cells are involved in phagocytosis, migration and cytotoxic processes (Sedgwick et al. 1991; Campanella et al. 2002) . CD11b does not distinguish between microglia and macrophages. While microglial cells enter the retina during pre-and postnatal development to go into a silent status to become reactivated in cases of injury and/or inflammation (Egensperger et al. 1996; Chen et al. 2002) , macrophages are recruited from circulating leukocytes in the blood (Yang et al. 1996; Alt et al. 2014 ).
Chen and Xu reported in 2015 about a microglia density of 358 cells/mm 2 in the untreated retina of 18-month-old mice (Chen & Xu 2015) . Their study group investigated untreated retinae of 18-month-old mice. In contrast, we used mice at the age of 3-4 months. It is known that the number of microglial cells increases in age (Damani et al. 2011 ). Chen & Xu did not state what murine background they used for their quantification. Furthermore, it is unclear if microglia density differs between different mouse strains. Damani et al. used CX3CR1+/GFP transgenic mice bred with C57BL/6 wild-type mice (no statement whether C57BL/6N or C57BL/6J was used). They investigated the microglia density at the age of 2-3 and 18-24 months and showed an age-dependent cell increase (Damani et al. 2011) . Thereby, the cell distribution between the IPL and OPL was found to be similar within the same age group ( ) without any intravitreal injection at the beginning of our experimental setting.
We used (GCV) in the form of Cymeven Ò (Roche, Switzerland). The powder contains sodium (43 per 500 mg product) prior to solution process. Previous studies revealed retinal ) at baseline (no injection, striped boxplot), after intravitreal injection of the vehicle (sodium chlorid, NaCl, black boxplot) and ganciclovir (GCV, white boxplots). Measurements at day 3 and 7 were conducted after one injection (day 0), whereas measurements at day 14 and 21 were performed after two injections (day 0 and 7). n = 8-16 areas per group. degeneration after intravitreal injection of normal saline in C57BL/6J mice (Hombrebueno et al. 2014) . To adjust the vehicle solution and to avoid a bias of sodium in the (GCV) group, we decided to take sodium chloride as vehicle in control injections.
In the used mouse model, only a partial depletion of CD11b + cells could be achieved. The maximum reduction in CD11b + cells, as compared to the baseline data without any intravitreal injections, was 37% after 7 days with a single injection and 33% after 14 days with two injections. Compared to NaCl injected eyes, the reduction was 65% after 14 days with two intravitreal injections, pointing out the increasing effect on CD11b + cells due to the injection procedure itself.
We demonstrate that the CD11b-HSVTK mouse is a reliable model to investigate the impact of partially depleted local immune cells on the CNV formation, which may also be used in combined experimental settings. This method has been used for selective ablation of defined cell lineages in transgenic mice (Culver et al. 1992; Bush et al. 1998) . Furthermore, nondividing HSVTK+ cells show sensitivity to GCV at reduced levels. In this case, toxicity is based on the interference with mitochondrial DNA synthesis (Herraiz et al. 2003) . In our study, CD11b expressing cells were depleted locally by intravitreal injection of GCV. Regarding the dose and number of injections, we used 40 mg/ ml (GCV) which is the maximum soluble concentration, to exclude a bias by ineffective dosages.
Previous investigations on GCV presumed an anti-inflammatory effect i.a.
by the inhibition of microglia in the central nervous system (Ding et al. 2014) . On this account, we also conducted intravitreal GCV injections in nontransgenic littermates (TK À/À , which served as controls) to investigate the retinal CD11b + cell distribution prior to the experiments with laserinduced CNV in transgenic TK +/À mice. Thereby, no significant decrease in CD11b + cells was observed comparing GCV versus NaCl injections in TK À/À mice at P14 (data not shown). In contrast, transgenic TK +/À mice showed a significant reduction in CD11b + cells by almost two-thirds (Fig. 5) . In respect to the effect of intravitreal GCV to the CNV development in mice after laser induction, to the best of our knowledge, no applicable data are available at the present moment. The study by Meier Jewett et al. (2010) presumed a VEGF and TNFa reduction in splenic macrophages due to systemic GCV treatment in mice that were chronically infected with murine cytomegalovirus (MCMV). However, they also clearly stated that their data may not be transferable to an acute cytomegalovirus (CMV) infection and CNV formation.
While a single intravitreal injection is well tolerated by the mouse eye, multiple repetitions increase the risk of local inflammatory reactions and scarring. Therefore, we decided to limit the number of injections to two. Potentially, more frequent injections of GCV might enhance the local depletion of CD11b + cells, but would increase inflammatory side-effects and may bias the result interpretation. Nevertheless, the impact of the remaining local ) 14 days after laser induction and two intravitreal injections (day 0 and 7) of either the vehicle (sodium chlorid, NaCl, black boxplot) or ganciclovir (GCV, white boxplots). n = 6 eyes and animals per group. Representative images of CNV lesions on choroidal flatmounts after staining with isolection B4 (green). Scale bar represents 50 lm.
CD11b
+ cells may be enough to modulate CNV size.
Nevertheless, there are limitations of the used transgenic mouse model: on the one, hand males are sterile due to ectopic HSVTK expression. On the other hand, females give no milk and therefore nursing mice are required. Thus, we could not generate and raise sufficient mice to perform additional experiments using multiple time-points after CNV induction, even thought we know that further time-points might strengthen our results. On this background, we decided that the focus on P14 is adequate and comparable between the groups and to previous study results, although the lesion size may not be at the peak stage at this time-point.
Furthermore, one may perform additional studies using wild-type mice as controls to investigate the effect of GCV and NaCl intravitreal injection on CNV formation. Yet, we have to comply with the 3Rs (Replacement, Reduction and Refinement) of the Federation of European Laboratory Animal Science Association (FELASA) as well as the local governmental authorities (LAGeSo, Landesamt f€ ur Gesundheit und Soziales). Therefore, we are forced to avoid the repetition of previously published animal experiments. While we used nontransgenic littermates, which served as controls and should be comparable to wild-type mice, for GCV and NaCl injections, as discussed above, and the effect of NaCl injections is known from the literature (cf. discussion above), additional experimental settings were not reasonable within the purpose of this study.
Taken together, we demonstrated that the CNV area did not significantly change after partially local CD11b + cell depletion using the CD11b-HSVTK mouse. In the light of previous knowledge, the potential influence of systemic immune cells on CNV formation might be more relevant than expected so far. Nevertheless, the CD11b-HSVTK mouse is a reliable model to investigate the impact of partially depleted local immune cells and may be used for combined experimental settings.
